Epidermal growth factor receptor plays an important role in the pathogenesis of many malignancies. Various growth factors, including epidermal growth factor receptor, have been shown to influence pituitary tumor growth and differentiation. To analyze the role of epidermal growth factor receptor in pituitary tumor development, we examined normal pituitaries (n ¼ 8), pituitary adenomas (n ¼ 158), and pituitary carcinomas (n ¼ 7) for expression of epidermal growth factor receptor protein and messenger RNA using tissue microarrays and RT-PCR. We also examined (a) the expression of phospho-epidermal growth factor receptor, the activated form of epidermal growth factor receptor, in pituitary tumors and normal pituitaries by immunohistochemistry and (b) the effects on epidermal growth factor receptor expression of treating pituitary cells (HP75 cell line) with epidermal growth factor. Epidermal growth factor receptor and the phosphorylated variant expression were present in normal pituitary cells. Epidermal growth factor receptor messenger RNA was also detected in normal pituitaries, pituitary adenomas, and carcinomas by in situ hybridization and RT-PCR. Most pituitary adenomas showed expression of epidermal growth factor receptor and the phosphorylated variant. Nonfunctional adenomas showed higher levels of expression of epidermal growth factor receptor (76 vs 34%) and of phosphoepidermal growth factor receptor (26 vs 8%) as compared to functional adenomas. Five of seven pituitary carcinomas showed strong expression of both epidermal growth factor receptor and phospho-epidermal growth factor receptor. When a human pituitary cell line (HP75) was cultured in the presence of epidermal growth factor receptor, there was an increase in the levels of both epidermal growth factor receptor and phospho-epidermal growth factor receptor after 5 h of treatment, thus confirming that epidermal growth factor receptor signaling was active in pituitary tumors. These results indicate that activated epidermal growth factor receptor is expressed in pituitary adenomas and carcinomas. Higher levels in pituitary carcinomas suggest a role in pituitary tumor progression.
Growth factors and growth factor receptors play an important role in the pathogenesis of many human malignancies. Epidermal growth factor receptor (EGFR) belongs to the family of receptor tyrosine kinases, of which there are 20 functionally related but structurally distinct forms. The epidermal growth factor receptor subfamily consists of four closely related receptors: EGFR (HER1 or ErbB1), HER2 (or ErbB2/neu), HER3 (or ErbB3), and HER4 (ErbB4). 1 Structurally, each is a transmembrane glycoprotein composed of an amino-terminal extracellular domain, a hydrophobic transmembrane region, and a cytoplasmic domain that contains both the tyrosine kinase domain and a carboxyterminal region with intrinsic tyrosine kinase activity. 2, 3 Binding of specific ligands, such as epidermal growth factor (EGF) and transforming growth factor-a, to EGFR results in dimerization of the receptor and autophosphorylation of its intracellular domain. 4, 5 There are at least two pathways (ras-raf-1-MAPK and PI3K-Akt) involved in downstream EGFR signaling. Phosphorylation of MAPK causes activation of several transcription factors for example, Elk-1, Sap-1, c-Myc, etc. In contrast, activation of Akt inhibits the apoptosis-inducing proteins Bcl-2 and caspase-9. Activation of these pathways leads to mitogenic signaling responsible for a number of processes crucial to tumor progression by way of proliferation, decreased apoptosis, angiogenesis, and invasion. 4 EGFR is expressed by many cell types, especially glandular epithelial cells. 6 EGFR expression is elevated in many epithelial tumors and tumorderived cell lines. Coexpression of high levels of EGFR and its ligands leads to a transformed cellular phenotype. 7 In the majority of tumors, overexpression may not be associated with detectable alterations of the EGFR gene. Exceptions to this observation include gliomas and squamous cell carcinomas, which show amplification of EGFR. 8 While in some studies EGFR expression has been correlated with markers of clinical aggression, 9-11 a recent meta-analysis indicated that EGFR expression was rarely related to clinical outcome. 12 Yet another study suggested that phosphorylation of EGFR, but not its overexpression, might be associated with a poor prognosis. 13 Polypeptide growth factors activate growthpromoting pathways to induce cell proliferation. They have been implicated in the multistep pathway of tumorigenesis [14] [15] [16] and may play a role in pituitary neoplasia. 17 Ligand binding with resultant EGFR activation is thought to be the most important step in the signal transduction pathway. EGFR expression and its specific ligands have been examined in pituitary adenomas with variable results. 18 Phospho-EGFR (P-EGFR), the activated form of EGFR in pituitary adenomas and carcinomas, has not been previously examined. In this study, we investigated the expression and activation state of EGFR in normal pituitaries, pituitary adenomas, and carcinomas by immunohistochemistry and in situ hybridization using tissue microarrays (TMAs). RT-PCR was used to analyze EGFR mRNA expression.
Materials and methods

Tissues
Normal pituitaries (n ¼ 8) were obtained within 6 h after death and fixed in buffered formalin. Pituitary adenomas including 17 adrenocorticotropic hormone (ACTH) adenomas, 23 growth hormone (GH) adenomas, and 22 prolactin (PRL) adenomas, 43 gonadotroph (LH/FSH) adenomas, and 53 null cell adenomas were obtained from Mayo Clinic files. All adenomas had been previously characterized by immunostaining with pituitary antibodies. Patients with GH adenomas all had acromegaly at presentation. Seven immunohistochemically characterized pituitary carcinomas (three ACTH, three PRL, and one LH/FSH) previously characterized by immunostaining were obtained both from the files of the Mayo Clinic and the consultation files of one of the authors (BWS). By definition, carcinomas were associated with metastatic disease.
Tissue microarrays consisting of three (0.6 mm) cores of each specimen with interspersed normal liver tissues were made according to the previously described method. 19, 20 For the purpose of immunohistochemical and in situ hybridization (ISH) analyses, sections were cut at 5 mm onto positively charged slides and used.
Immunohistochemistry
Antibodies for the full spectrum of pituitary hormones (GH, PRL, ACTH, LH, FSH, TSH) were obtained from the National Pituitary Agency and used as previously described. 21 . Polyclonal rabbit antibodies to C-terminus epitope of EGFR were obtained from Santa Cruz Biotechnology, Santa Cruz, CA, USA (cat #1005; dilution 1:250) and mouse monoclonal antibody to P-EGFR (Tyr1068) from Cell Signaling Technology, Beverly, MA, USA (cat #2236S; dilution 1:100).
Tissue sections were microwave heated for 5 min in an 800-W oven while in citrate buffer (0.1 mM, pH 6.0). Sections were then incubated at room temperature overnight with primary antibody. Immunostaining was performed with the avidin-biotin complex (ABC) method (Vector, Burlingame, CA, USA). Negative controls consisted of substituting normal serum for primary antibodies.
ISH
The human EGFR cDNA, cloned into pBSFLu plasmid and linearized with EcoRI or PstI were a gift from Dr NJ Maihle. 22 The reverse transcription reaction and digoxigenin 11-UTP (Boehringer Mannheim, Indianapolis, IN, USA) labeling were performed with T7 (antisense) and T3 (sense) RNA polymerase, provided in the riboprobe labeling kit following the manufacturer's instruction (Promega, Madison, WI, USA). The labeled probes were digested with deoxyribonuclease, extracted with phenol/chloroform, and precipitated with ethanol.
The ISH procedure was performed on the tissue microarray as previously described. 23, 24 Positive ISH signals were detected using the anti-digoxigenin AP (1:200; Boehringer Mannheim) NBT/BCIP system.
Cell Culture
HP75 pituitary cells were cultured in Dulbecco's modified essential medium (DMEM) with 2% fetal bovine serum as previously reported. 25 Cells were treated with 1 mg/ml EGF (Promega, Madison, WI, USA) for 5 and 24 h and were then harvested. Proteins were extracted and used for Western blotting as described below.
Western Blotting
Western blotting was performed as previously described. 26 Briefly, proteins were extracted in the presence of protease inhibitors. One-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis was then performed on a 12% gel. The electrophoresed protein (50 mg) was transformed to a polyvinylidene difluoride membrane (Bio-Rad, Richmond, CA, USA) and subjected to immunoblot analysis with antibodies directed against EGFR (1:200) and P-EGFR (1:1000). The reaction product was detected by enhanced chemiluminescence (Amersham, Arlington Heights, IL, USA).
RT-PCR
Total RNA extraction was performed using the TRIzol reagent kit (Life Technologies) on two normal pituitaries, nine adenomas (two PRL, two GH, two LH/FSH, one ACTH, and two null cell) as well as one ACTH carcinoma. First-strand complementary DNA (cDNA) was prepared from total RNA by using a first-strand RT-PCR kit (Stratagene, La Jolla, CA, USA). The RT reaction was performed at 421C for 60 min in a final volume of 50 ml containing 1 mg of total RNA. The reaction product was then heated at 951C for 5 min and immediately placed on ice.
The oligonucleotide primers for EGFR were as follows: sense, 5 0 -TCT CAG CAA CAT GTC GAT GG-3 0 ; antisense, 5 0 -TCG CAC TTC TTA CAC TTG CG-3 0 . Spanning four introns between exons 8 and 12 of the human EGFR genomic DNA (#X00588), these primers generate a 473-bp product (702-1175). The integrity of the RNA from each sample was verified by RT-PCR for hypoxanthine phosphoribosyl transferase (HPRT). The primers used to identify HPRT (#M31642) were as follows: sense, 5 0 -CTT GCT CGA GAT GTG ATG AGG-3 0 ; antisense, 5 0 -GTC TGC ATT GTT TTG CCA GTG -3 0 . These primers span three introns between exons 3 and 6 and generate a 290-bp product (230-519). The PCR was performed in 25 ml final reaction volumes containing the following: 2.5 ml of RT reaction product as template DNA, 1 Â PCR buffer (Promega, Madison, WI, USA), 2 mmol/l MgCl 2 , 0.2 mmol/l of each deoxynucleotide (Roche Molecular Biochemicals, Indianapolis, IN, USA), 0.2 mM of sense and antisense primers for EGFR, and 1.25 U Taq DNA polymerase (Promega). Progamable temperature cycling (GeneAmp PCR System 9700, Applied Biosystems) was performed with the following cycle profile: 951C for 5 min, followed by 941C for 30 s, 611C for 30 s, and 721C for 45 s (35 cycles) for EGFR and 941C for 30 s, 581C for 30 s, and 721C for 30 s (30 cycles) for HPRT. After the last cycle the elongation step was extended at 721C for 10 min. A 20 ml aliquot of PCR product was analyzed by gel electrophoresis using a 2% agarose gel and was stained with ethidium bromide. A 100 bp ladder (Roche) was used as the standard.
Evaluation and Statistical Analysis
Two observers evaluated the microarray sections. Immunoreactivity was graded using a three-point scale: negative (À); weakly positive (1 þ ), less than 10% of the cells being stained or weakly stained; moderately to strongly positive (2 þ -3 þ ), over 10% of the tumor cells being strongly stained.
The two-sided Fisher's exact test and the w 2 -test, both at the 95% confidence level, were used to check for an association between staining intensity and the functional status of adenomas. SPSS for Windows 9.0 (SPSS Inc., Chicago, IL, USA) software was used for analyses.
Results
Immunohistochemistry
EGFR
Variable immunoreactivity was present in pituitary adenomas, pituitary carcinomas, and in normal pituitary tissues (Table 1 ). The staining pattern was usually diffuse (Figure 1 ). EGFR expression in normal pituitaries was weak in six cases (75%) and strong in two (25%). Expression in pituitary adenomas was strong in 94 (59%) and weak in 61 (Figure 2) . The difference in staining intensity between functional and nonfunctional adenomas was statistically significant (Po0.001).
P-EGFR
In pituitary adenomas, the number of cases and percentage of cells positively staining for P-EGFR was generally lower than for EGFR ( Table 2 , Figures  1 and 2) . In normal pituitaries, the expression of P-EGFR was weak in all samples. Strong immunoreactivity was observed in single scattered cells of the normal pituitary. The expression of P-EGFR was highest in null cell adenomas (strong in 26%, weak in 74%) and in LH/FSH adenomas (strong in 25%, weak in 63%, negative in 12%). Staining was generally weaker in functional adenomas. The staining intensity between functional and nonfunctional adenomas was statistically significant (P ¼ 0.001). The expression of P-EGFR in pituitary carcinomas was strong in five (72%), weak in one (14%), and negative in one (14%).
ISH for EGFR
ISH using EGFR riboprobes on tissue microarrays generally showed weak positivity in normal pituitary tissue (strong positivity in one, weak positivity in six, and no signal in one case) ( Table 3 , Figures 1  and 2 ). In all, 41 (77%) of null cell adenomas and 29 (68%) of LH/FSH adenomas were moderately to strongly positive. Among the functional adenomas, 12 PRL adenomas (55%), eight GH adenomas (35%) and three ACTH adenomas (18%) showed strong positivity. The staining intensity between functional and nonfunctional adenomas was statistically significant (Po0.001). Five pituitary carcinomas showed strong positivity.
Western Blots
Western blot analysis of the normal pituitary showed a 170-kDa band for EGFR. LH/FSH and null cell adenomas showed similar bands with a stronger expression than seen in the PRL adenoma or normal pituitary tissue. The expression of EGFR was strong in both ACTH and the PRL carcinomas ( Figure 3) . Western blot analysis for P-EGFR showed a 170-kDa band that was more strongly expressed in adenomas and carcinomas compared to the normal pituitary.
Cell Culture
After 5 h of treatment with EGF, there was a two-fold increase in the levels of P-EGFR. After 24 h of culture, both levels decreased and returned almost to control levels ( Figure 4 ).
RT-PCR
EGFR mRNA expression was detected in all samples analyzed, which included two normal pituitaries, nine adenomas (two PRL, two GH, one ACTH, two Figure 3 Western blot analysis of EGFR and P-EGFR in normal and neoplastic pituitaries. The nonfunctional adenomas and carcinomas had higher levels of EGFR and P-EGFR expression compared to normal pituitaries and functional (GH, PRL) adenomas. Beta actin was used to check for equal loading of the gel. LH/FSH (GTH), and two null cell), as well as one carcinoma producing ACTH ( Figure 5 ).
Discussion
In the present study, we examined the expression of EGFR in pituitary tissue and its neoplasms by both immunohistochemistry and ISH using tissue microarrays. Assessment of pituitary adenomas showed EGFR expression in the majority by both methods. Overall, about 60% of the adenomas were moderately to strongly positive for EGFR. Although its overexpression was highly variable within each subgroup, expression was higher (76 vs 34%) in the nonfunctional (LH/FSH and null cell adenomas) compared to the functional adenomas (ACTH, PRL, GH). Among the latter, ACTH adenomas showed the lowest percentage of tumors expressing EGFR. The finding of stronger EGFR expression in nonfunctional tumors in our study is similar to the result obtained by LeRiche et al 27 and Chaidarun et al.
28
Expression of EGFR does not necessarily indicate receptor activation. Our analysis of pituitary adenomas using tissue microarrays showed variable expression of both EGFR and P-EGFR, the activated form of EGFR, in various subgroups of pituitary adenomas. The expression of P-EGFR was consistently less than that of EGFR. It is well established that ligand-induced autophosphorylation of EGFR involves receptor dimerization. 29 Ligand-driven receptor activation, rather than overexpression, is said to be crucial to proliferation in an androgenindependent prostate cancer cell line. 30 The concomitant expression of EGFR and its ligands is described as a mechanism of cancer cell autocrine stimulation resulting in clinically aggressive disease. 7 The detection of increased levels of EGFR and P-EGFR after 5 h of EGF stimulation of cultured human pituitary cells supports our observation of activation of EGFR in pituitary tumors after ligand interaction.
In an earlier study of EGF-binding sites in pituitary adenomas using membrane-binding assays, Birman et al 31 reported that EGF-binding sites were present in normal human pituitary, but not in either functional or nonfunctional pituitary adenomas. However, subsequent studies using either immunohistochemistry or RT-PCR reported the presence of EGFR in pituitary adenomas with varying results. 27, 28, 32, 33 Variation may also result from tumor heterogeneity and variations in tumor classification. EGF-binding sites with highly variable expression were also found by competitive binding assays in a study of 46 pituitary macroadenomas. EGFR positivity was observed in 55%, especially in prolactinomas (76%) and in LH/FSH adenomas (62%). 34 In their study, two classes of EGF binding sites were shown with respective high and low affinities. The latter could reflect the capacity of EGFR to present allosteric modifications, especially dimerization, following ligand binding.
Our study is the first to show the expression of EGFR in pituitary carcinomas. Five of the seven tumors studied (two ACTH, two PRL, and one LH/ FSH pituitary carcinoma) showed strong immunoreactivity for EGFR and P-EGFR. In only one case report, an immunohistochemical study of a single PRL cell carcinoma, no EGFR was detected. 35 Comparison of pituitary adenomas and carcinomas in our study showed that carcinomas were more likely to overexpress EGFR and P-EGFR as compared to adenomas. This finding was especially noticeable with comparing functional adenomas, especially ACTH and GH adenomas, and carcinomas Figure 5 RT-PCR analysis of EGFR in normal pituitaries, pituitary adenomas, and pituitary carcinomas. The 473 bp transcript was detected in all samples. HPRT was used to check for equal loading of the gel.
for P-EGFR expression. Collectively, these findings suggest a role of EGFR in pituitary tumor progression.
Several studies have examined EGFR production by normal anterior pituitary cells. 27, 31 Expression of EGFR was present at a low level in 5-10% of pituitary cells in one study. 28 In our study of normal pituitary, expression of EGFR, P-EGFR protein, and EGFR mRNA was detected. Expression of EGFR and P-EGFR varied in different cell types within the anterior pituitary lobules. One study of the rat adenohypophysis showed that EGFR is present in subsets of all pituitary cell types. 36 In another study, the expression of EGFR in gonadotropes of female rats varied with the stage of the ovulatory cycle, probably due to the stimulation of gonadotropinreleasing hormone and the paracrine/autocrine effect of EGF. 37 It has been suggested that high EGFR expression may be a late event in pituitary tumorigenesis (34) and a marker of aggressiveness in a significant subset of pituitary tumors. 27, 34 The mechanisms by which the EGF family of growth factors promotes proliferation and invasiveness of pituitary adenoma cells will require additional studies.
In summary, normal and neoplastic pituitary tissues express EGFR and P-EGFR, levels of EGFR being higher in pituitary carcinomas as compared to normal pituitaries and adenomas. Nonfunctional adenomas express higher levels of EGFR and P-EGFR than do functional adenomas. Stimulation of cultured human pituitary cells with EGF leads to increased levels of EGFR and P-EGFR, indicating that this receptor tyrosine kinase pathway is important in pituitary tumor progression.
